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ABSTRACT
Due to their different sizes and operational character-
istics, vehicles other than passenger cars have a different 
influence on traffic operations especially at intersections. 
The passenger car equivalent (PCE) is the parameter that 
shows how many passenger cars must be substituted for a 
specific heavy vehicle to represent its influence on traffic op-
eration. PCE is commonly estimated using headway-based 
methods that consider the excess headway utilized by heavy 
vehicles. In this research, the PCE was estimated based on 
the delay parameter at three signalized intersections in Teh-
ran, Iran. The data collected were traffic volume, travel time 
for each movement, signalization, and geometric design 
information. These data were analysed and three different 
models, one for each intersection, were constructed and cal-
ibrated using TRAF-NETSIM simulation software for unsatu-
rated traffic conditions. PCE was estimated under different 
scenarios and the number of approach movements at each 
intersection. The results showed that for approaches with 
only one movement, PCE varies from 1.1 to 1.65. Similarly, 
for approaches with two and three movements, the PCE var-
ies from 1.07 to 1.99 and from 0.76 to 3.6, respectively. In 
addition, a general model was developed for predicting PCE 
for intersections with all of the movements considered. The 
results obtained from this model showed that the average 
PCE of 1.5 is similar to the value recommended by the HCM 
(Highway Capacity Manual) 1985. However, the predicted 
PCE value of 1.9 for saturated threshold is closer to the PCE 
value of 2 which was recommended by the HCM 2000 and 
HCM 2010.
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1. INTRODUCTION
A heavy vehicle is defined as a vehicle with gross 
mass of 4.5 tonnes or more [1, 2]. The proportion of 
these vehicles in urban street traffic is considerably 
lower than passenger cars. Notwithstanding this low 
percentage, the major effects of heavy vehicles on 
traffic flow have caused them to be seriously studied 
[3]. Heavy vehicles use more space than passenger 
cars, their accelerating and decelerating character-
istics, and their ability to manoeuvre is less than for 
passenger cars. In addition, they cause sight distance 
restrictions for other vehicles in their vicinity.
In the design of a signalized intersection, it is very 
important to determine the capacity of the intersec-
tion, and passenger car equivalent (PCE) estimation 
is essential to ascertain measures of signalized inter-
section capacity. The HCM (Highway Capacity Manu-
al) does not consider the differences in operational 
characteristics of road and traffic streams and uses 
a constant PCE value. In HCM 1985, the PCE of 1.5 
for signalized intersections was assumed. This fac-
tor increased to 2 in HCM 1994, 1997 and 2003 [4]. 
However, since the PCE depends on factors influencing 
traffic flow parameters [5], setting it at a constant val-
ue under different roadway and traffic conditions may 
not be correct. Therefore, development authorities are 
developing standards based on regional characteris-
tics [6]. Different regional investigations are necessary 
to obtain appropriate values of PCE.
Ideally, predictive models in accordance with the 
characteristics of the region and traffic conditions are 
required. In this paper, an empirical and analytical 
study was carried out to determine the PCE of heavy 
vehicles at signalized intersections in Iran and thereby 
a predictive linear model proposed the PCE at signal-
ized intersection approaches.
2. LITERATURE REVIEW
The PCE concept is the number of passenger cars 
that are substituted for a truck or bus under a specif-
ic traffic situation. Many methods for evaluating this 
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factor have been introduced. These methods substan-
tially estimate PCE by comparing one of the parame-
ters related to the level of service such as flow, aver-
age speed, average headway in basic flow and mixed 
flow, and the setting relationships between them [7].
In 1947, Greenshields et al. formulated the PCE val-
ue by dividing the average headway of heavy vehicles 
type over the average headway of passenger cars. This 
method, called the headway ratio method, is common-
ly used for measuring PCE at signalized intersections 
[5, 7]. Branston and van Zuylen developed a multiple 
regression method for estimating PCE at signalized in-
tersections in 1978. In this method, vehicle departures 
are recorded over an arbitrary period during the green 
light. Within a specific period, the number and type of 
vehicles departing are recorded. Then, the linear re-
gression model describes the number of passenger 
cars by the number of vehicles of other classes (the 
number of each type of vehicles with the exception of 
passenger cars) as the explanatory variables. The PCE 
for through movement value achieved by Branston and 
van Zuylen was 1.59 [8]. After the Branston and van 
Zuylen’s study, the multiple regression analysis meth-
od was used to drive PCE factors in many studies [6].
In 1984 Sumner et al. described a method for es-
timating PCE between signalized intersections. They 
collected field data on traffic stream and simulated 
their flow using NETSIM. They estimated the PCE value 
of 1.6 for heavy trucks [9].
In 2000, Benekohal and Zhao introduced a meth-
od that considered induced delay on signalized inter-
sections as the basis of specifying PCE. They named 
the resulting PCE, d-PCE (i.e. delay-based passenger 
car equivalent). In this method, d-PCE is estimated ac-




D= +  (1)
where d-PCEi is the passenger car equivalent of vehi-
cle i, ∆di is the extra delay caused by the entrance of 
vehicle i, and d0 is the basic delay (average delay of 
passenger cars in the basic flow). Benekohal and Zhao 
used d-PCE to adjust the ideal saturation flow rate at 
intersections using HCM. The saturated flow rate of 
each lane at a signalized intersection is considered to 
be about 1,900 pcpgpl (passenger car per green sig-
nal phase per lane) according to HCM. For evaluating 
the exact capacity of the lane, this flow must be multi-
plied by a decreasing factor, FHV, which shows the in-
















where PHi is the proportion of heavy vehicles i in traffic 
flow, PCEi is the passenger car equivalent for vehicle i, 
and n is the number of vehicles other than passenger 
cars in traffic flow.
In recent years, there have been several studies on 
estimating regional values of PCE. The current litera-
ture on regional PCE estimation abounds with exam-
ples of PCE at midblock locations [6, 10, 11] and PCE 
at intersections [12-14].
In 2009, Saha et al. investigated the value of PCE 
for through vehicles according to the traffic conditions 
of Dhaka [12]. They used a headway ratio method for 
estimating the PCE for cars, auto-rickshaws, mini-bus-
es, and buses. These four vehicle types reflected the 
actual traffic conditions of Dhaka. They demonstrated 
that the PCE currently used in Bangladesh significantly 
differs from the PCE achieved from their study. They 
estimated 1.00, 0.86, 1.42, and 2.16 for PCE values 
of cars, auto-rickshaws, mini-buses, and buses, re-
spectively [12].
In 2014, Yahya and Sarraj estimated PCE for me-
dium trucks, heavy trucks, and animal-driven carts in 
mixed traffic conditions at signalized intersections in 
Gaza [14]. The study was conducted in the headway 
ratio method, with data being gathered via digital vid-
eo camera at three signalized intersections. The es-
timated PCEs for medium trucks, heavy trucks, and 
animal-driven carts were 1.43, 2.23, and 1.51, respec-
tively. They compared the estimated PCEs with the PCE 
currently used in the UK and India. These comparison 
findings showed contrariety of PCE value for Gaza, UK, 
and India [14].
A similar study was done in Kumasi city, Ghana in 
2014 [13]. In this study, Obiri-Yeboah et al. analysed 
eleven pre-timed signalized intersections to assess the 
influence of roadside friction on the value of PCE. They 
found PCE values were higher at intersections with 
roadside friction than the ones without such friction. 
Obiri-Yeboah et al. showed the PCE value at intersec-
tion in Kumasi was larger than the value prevalently 
used [13]. The results of all current studies supported 
the claim that the values of PCE are different for each 
country due to differences in driving behaviours, avail-
able transport facilities, and so on.
3. METHODOLOGY
The aim of this paper is to develop a predictive mod-
el for estimating d-PCE in Iran. According to the Bene-
kohal and Zhao’s study [5], the volumes and heavy 
vehicle percentage have been identified as major 
factors affecting d-PCE. Therefore, to attain a d-PCE 
predictive model, samples of intersection delays vary-
ing by traffic volume and heavy vehicle percentage are 
needed. The samples establishing a general relation-
ship between d-PCE, traffic volume and heavy vehicle 
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percentage, must be generated by a calibrated sim-
ulation software. For the sake of simulation, it might 
be convincingly argued that the broad range of field 
data does not support model prediction. To achieve 
the proper conditions that were not obtained from the 
field data, it was necessary to simulate the intersec-
tions under different circumstances. Thus, the results 
could be generalized to other traffic conditions.
Another argument that can be advanced to sup-
port the simulation idea is that field data include many 
factors affecting the measuring of the pure impact of 
heavy vehicles stated by d-PCE.
This paper puts forward a predictive model of 
d-PCE that used samples generated by calibrated in-
tersection simulation software. This simulation was 
done using two groups of data; simulation field data 
and calibration field data. The simulation field data 
were used to define the traffic conditions and geomet-
ric characteristics of intersections. The calibration field 
data measured the intersection delay parameter used 
to validate the simulation process. The detailed data 
gathering procedure is described in the following sec-
tion.
The PCE for saturated and under-saturation traffic 
conditions can be estimated differently and the PCE 
factors should not be used to conduct analyses for all 
traffic conditions similarly [15].This study was restrict-
ed to under-saturated traffic conditions and a limited 
range of heavy vehicle percentage. Further research 
in this area may include PCE estimation on saturated 
traffic conditions and a broader range of heavy vehicle 
percentage.
4. DATA COLLECTION
The field data for the study were collected in Teh-
ran. The data collection process was carried out during 
weekdays in November, between 7:00 a.m. and 10:00 
a.m. (peak hours of traffic volume in Tehran). Fourteen 
approaches were surveyed at five intersections for 
field data collection. 
These approaches passed through two strainers in 
data reduction procedure. In these two steps the inter-
sections and approaches were selected based on cri-
teria compiled from research conducted in Benekohal 
and Zhao’s study [5]. In the first step, the intersections 
were chosen based on the features listed below:
 –  All the intersections had pre-timed signal timing 
during the time of the survey;
 –  Flows at intersections were sustained at the satu-
ration flow rate level;
 –  The selected intersections represented the typical 
ones with common geometric design conditions;
 –  These intersections were chosen from different lo-
cations throughout the city of Tehran to represent 
all the city intersections.
In accordance to the provided criteria, four inter-
sections were chosen as preliminary data survey 
fields. It should be noted that in some filtered inter-
sections, the resultant approach was not surveyed be-
cause of heavy traffic and over-saturated conditions. 
Appropriate approaches to the selected intersections 
were chosen in the second step of data reduction. Sur-
veyed approaches were ranked based on the following 
conditions: 
 –  The approach was under-saturated for at least 1.5 
hours of the 3 hours surveying;
 –  These intersections were controlled in a pre-timed 
signal manner;
 –  Under the current signalization, all approaches of 
different movements were done in the same phase 
and with the least conflict with other approaches;
 –  The effects of external factors, such as stop and go 
manoeuvres by taxis and congestion at adjacent in-
tersections that resulted in a queue and increased 
delay was minimal on the approach delay;
 –  Intersections represented common intersection 
types from the viewpoint of location, volume, and 
percentage of heavy vehicles;
 –  The approach movement delays did not fluctuate 
substantially from one interval to another.
Finally, three approaches were selected from the 
twelve preliminary approaches for more studies, name-
ly, Ostad Hassan Banna, Shariati (South to North), and 
Mojahedin (West to East). Table 1 illustrates some 
features of these approaches. This table shows direc-
tion, type of movement, operational classification, and 
lane width of the selected surveyed approaches.
For modelling the intersections and obtaining suit-
able results, various data had to be collected. As men-
tioned in the methodology section, the necessary field 















Mojahedin 100 1200 West to East Through Major Arterial 7.4 100%
Shariati 100 1600
South to East Right Turn Major Arterial 9.3 15%





North to West Right Turn Major Arterial 11.7 35%
North to South Through Major Arterial 11.7 45%
North to East Left Turn Major Arterial 11.7 20%
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data included two groups of data: simulation field data 
and calibration field data. 
The simulation field data determined the traffic con-
ditions and geometric characteristics of the intersec-
tions for feeding the simulation software. These included 
volume for each approach movement classified by ve-
hicle type, geometric data of each intersection, and 
signalling data.
It should be noted that without such calibration 
and validation, simulation software could not be used 
for the intersection simulation [5]. There was, there-
fore, an essential need for the calibration field data. 
The delay of each approach movement in five-minute 
intervals was surveyed as a parameter that could val-
idate the simulation process. The travel time method 
was used to collect the delay data at the intersections 
[7].
The travel time method needed four surveyors. The 
first two surveyors stood at the end of each approach 
queue line. These surveyors wrote down the last three 
digits of passenger cars and the exact time the pas-
senger cars passed them. After matching the similar li-
cense plates, aside from identifying the vehicles route, 
the travel delay for each passenger car was obtained 
by subtracting free flow travel time from the obtained 
travel time (i.e. the last time a passenger car was ob-
served minus the first time it was recorded). The result-
ed delay values were averaged in five-minute intervals 
for each movement (i.e. left turn, through movement, 
right turn) [16].
5. MODELLING SELECTED INTERSECTIONS 
IN TRAF-NETSIM
The foregoing discussion in the methodology sec-
tion implies that the use of a simulation model is vi-
tal to cover a broad range of traffic conditions. In this 
research TRAF-NETSIM, the simulation software, was 
used to generalize field data to other traffic conditions. 
This software is a microscopic simulation tool that sim-
ulates operation of vehicles in an urban network using 
the discrete event simulation method [17].
After the proper approaches had been specified, 
the intersections that included these approaches 
were modelled in TRAF-NETSIM. Since then the t-sta-
tistic test showed some differences between the real 
and simulated data. Therefore, the models had to be 
calibrated and some behavioural parameters were ad-
justed for conditions specific to Iran. Abedini discusses 
the challenges and modifications of calibration of the 
TRAF-NETSIM for Iran’s signalized intersections [18]. 
His sensitivity analysis showed that free flow speed, 
start-up lost time, and discharge headway are vari-
ables that must be modified in the calibration process 
[18]. 
In the process of modelling the intersections in the 
simulation software, the following issues were consid-
ered:
 – Arrival type 3 was considered for selected ap-
proaches.
 – Two series of random data were established, one 
of which was related to the behavioural charac-
teristics of the drivers, and the other is related to 
the random distribution of time-dependent events, 
such as the location of the obstruction on a lane.
 – Given that, it was possible that over a period of 5 
minutes no green phase happened at the entrance, 
volume of entry to the software was considered as 
the average of volume of 5 minutes before, current, 
and after.
 – To compare different strategies of a network, it is 
desirable that differences exist solely due to chang-
es in network status to be tested. In such a situa-
tion, the same values should be selected for the 
cores. Such a technique is known as Common Ran-
dom Number technique (CRN).
Calibration of TRAF-NETSIM for our study was eval-
uated by measuring the sensitivity of delay to various 
default parameters. Then, the default values of the 
effective parameters were changed to calibrate the 
models. The default parameters of free flow speed, 
start-up lost time, and discharge were determined 
through survey data. Other parameters such as short 
time events were changed in a way to satisfy the t-sta-
tistic test for averaging the movement delay. In addi-
tion, vehicle characteristics were calibrated to satisfy 
Iran’s standards.
Although the geometric characteristics, signal 
phase plans, and movement shares at approaches 
were defined in TRAF-NETSIM, the intersection simu-
lation models were not finalized unless their validity 
could be verified. Delay is one of the most important 
parameters to measure intersection effectiveness. 
Furthermore, this parameter is affected by almost all 
other traffic parameters. Therefore, movement aver-
age delay was determined as a criterion to validate the 
model.
For each approach, the average delay was estimat-
ed for different volumes from 100 veh/hr to saturation 
flow level by 50 veh/hr increments (the saturation flow 
rate for each intersection has been reported in Table 1). 
Also different percentages of heavy vehicles that var-
ied from 2 to 26 percent by 2 percent increments for 
each volume. The delay for each case resulted from 
using CRN. CRN is a method used for simulation stud-
ies where the same random numbers are used to sim-
ulate both alternative system designs [19].
6. RESULTS AND ANALYSIS
After the validity of each intersection model 
had been proven they were substituted for the real 
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intersection. The simulation outputs showed the delay 
of each movement at the approaches. These outputs 
were transferred to the approach delay by Equation 3. 
The d-PCE was estimated by substituting the approach 
delay into Equation 4. Equation 3 and Equation 4 are 
shown below:















where dm is the average delay of approach m, Vm is 
traffic volume of approach m, dmi is the delay of move-
ment i in approach m, Pim is the percentage of move-
ment i in approach m, d0 is the basic delay, and PHi is 
the proportion of heavy vehicles i in traffic flow.
In Equation 4 we needed to calculate the basic delay 
(d0). The basic delay is the average delay of passenger 
cars in the basic flow or flow with zero percent heavy 
vehicles. The simulation models were run at zero per-
cent of heavy vehicles and considered the volume 
needed to obtain the basic delays at each approach. 
The zero percent heavy vehicle condition was not given 
in the field data, so the basic delay estimation support-
ed the claim that the use of simulation in this study 
was inevitable.
Changes from one approach to another showed 
that the evaluated d-PCE parameter for the surveyed 
conditions was not constant. In addition, d-PCE varied 
significantly for different volumes and heavy vehicle 
percentages. Therefore, it was necessary to study the 
sensitivity of d-PCE to volume, heavy vehicle percent-
age and the number of movements of each approach. 
To do this the results of models run in different sit-
uations had to be compared. To evaluate how d-PCE 
varied by volume and percentage of heavy vehicles, 
d-PCE diagrams versus different volumes were plotted 
at three constant percentages in Figure 1. In addition, 
d-PCE diagrams versus different heavy vehicle per-
centages for constant volumes in each approach were 
plotted in Figure 2. These diagrams show:
 –  In most cases d-PCE had little sensitivity to the per-
centage of heavy vehicles.
 –  d-PCE versus volume had an ascending trend, 
which seemed smoother in the upper bound.
 –  The results were sporadic at lower volumes and as 
the volume increased, the results became more 
tangible.
The data yielded by this paper provide strong evi-
dence that shows more operation of an isolating heavy 
vehicle effect on the traffic stream. This finding along 
with the PCE value pattern of HCM and Benekohal’s 
ascertainment [5] lend support to the claim that the 
maximum impact of a single heavy vehicle occurs 
when it is relatively isolated in the traffic stream. Along 
similar lines, McShane argues that as the flow of heavy 
vehicles increases, they begin to form their own pla-
toons within which they can operate more efficiently 
[7]. 
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Figure 1 – d-PCE values for different heavy vehicle percent-
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Figure 2 – d-PCE values for different traffic volume (veh/hr) 
at given heavy vehicle percentages
Figure 2 shows for a given percentage of trucks 
d-PCE increased with the traffic volume. The positive 
correlation of traffic volume and d-PCE that was found 
in this study is prominent in the literature on PCE esti-
mation. However, from the data in Figure 2 it is apparent 
that the trends of results were flattened at higher traf-
fic volumes. The underlying argument in favour of this 
phenomenon is the manoeuvrability of heavy vehicles. 
As mentioned before, one of the primary reasons for 
more displacing of heavy vehicles is that manoeuvrabil-
ity of heavy vehicles is lower than of passenger cars. 
This ability, by increasing the traffic volume, is reduced 
at the higher traffic volume and the manoeuvrability 
reduction decreases the rate of the increasing d-PCE. 
Therefore, there is a flattening at higher traffic volumes 
in Figure 2. A closer look at the data indicates that the 
average d-PCE increased with approach movements. 
This evidence could be legitimized by considering the 
reasons for the observed flattening. Since the volume 
and the percentage of heavy vehicles affect d-PCE, this 
trend must also be viewed analytically in order to have 
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mathematical models for estimating d-PCE in different 
conditions.
Because of the considerable effect of a number of 
movements on d-PCE, three linear regression models 
were developed separately for each number of move-
ments (i.e. 1, 2, and 3). However, an integrated model 
for all the number of movements could facilitate the 
use of predictive d-PCE models. Therefore, four mod-
els were developed in the modelling process. Several 
mathematical forms of variables (i.e. logarithmic and 
powered form of traffic volume and heavy vehicle per-
centage inverse) examined to fit the linear regression 
model. 
In Iran, the drivers do not mainly drive between 
the lanes and a three-lane way may be used in four 
lanes. For this reason, using the number referring to 
road width as a normalizing variable is preferred to 
the number of lanes. The final models are illustrated 
in Table 2. The “w ” shown in Table 2 is the width of the 
riding way.
The d-PCE calculation rests on the assumption 
that the growth of heavy vehicle percentage entailed 
increasing approach delay and a d-PCE value of less 
than one for non-zero heavy vehicle percentage is 
not meaningful. Therefore, a d-PCE value of one 
must be considered the maximum and the estima-
tion value of the simulation model. In other words, 
d-PCE=Max (1, estimation of model).
To find models that can predict d-PCE, the patterns 
of evidences in Figures 1 and 2 were noted and regres-
sion models were developed. The t-statistics showed 
the parameters were estimated at a high significant 
level (p-value<0.01). These models show volume has 
a direct and positive effect on d-PCE. 
In justifying the lack of significance of the number 
of heavy vehicles in the presented model, it must be 
said that the volume of traffic is a very important fac-
tor that is significantly correlated with the volume of 
heavy vehicles, too. It seems that this high correlation 
led to the fact that in the presence of traffic volume 
variable, the variable of the number of heavy vehicles 
became insignificant. However, from a practical stand-
point, having a relationship based on traffic volume to 
calculate PCE is much more efficient than the relation-
ship based on the number of heavy vehicles, since the 
traffic of heavy vehicles at the intersection occurs with 
a low rate and high variance.
This finding is supported by most research on PCE 
estimation. In this research, to generalized use of the 
predictive model, the volume was replaced with vol-
ume per lane width. All of these models showed that 
the percentage of heavy vehicles had no significant 
effect on d-PCE. 
In Table 2, the d-PCE at 75 vehicles per hour per 
meter, called d-PCE at average volume/w, for each 
model was reported. It can be seen that, when the 
number of movements considered at an approach in-
creased, the d-PCE at the average volume/w became 
larger. This is because of more ability of heavy vehicle 
manoeuvre at approaches with higher movement po-
tential. The d-PCE estimated values were not constant, 
but varied from 1.07 to 2.07 for general condition and 
from 1.15 to 1.65 for one movement at approach. Sim-
ilarly, for approaches with two and three movements, 
the PCE varies from 1.07 to 1.99 and from 0.76 to 3.6, 
respectively. The finding values were compared with 
the value of PCE suggested by HCM.
7. CONCLUSION
This study draws on research conducted by Bene-
kohal and Zhao [5], to develop a predictive model of 
PCE at Iran’s signalized intersections. The TRAF-NET-
SIM simulation model was used to cover variant traffic 
conditions. This model was calibrated based on the 
field data at Iran’s intersections. The simulations re-
sult analyses showed that d-PCE is sensitive to traffic 
volume and number of movements at the intersection 
approach. In addition, investigating different models 
showed that linear regression models provided a bet-
ter fit to the d-PCE data versus traffic volume compared 
to the other models. Therefore, four linear regression 
models were developed based on the traffic volume 
for each number of movements as predictive models. 
Models showed an increase in traffic volume resulting 
in an increase in d-PCE, as expected. The higher num-
ber of movements resulted in a steeper slope of d-PCE 
versus volume.
The results obtained from this model show that the 
average PCE of 1.5 is similar to the value recommend-
ed by HCM 1985. However, the predicted PCE value 
of 1.9 for saturated threshold is closer to the PCE val-
ue of 2, recommended by HCM 2000. Therefore, the 
Table 2 – d-PCE predictive models
Number of movements d-PCE formulas d-PCE at average volume/w
t-statistic of  
volume/w R
2
1 d-PCE=1.105+3.34 · 10-3 ·  (volume/w) 1.35 11.31 0.33
2 d-PCE=1.03+5.48 ·  10-3 ·  (volume/w) 1.44 19.98 0.54
3 d-PCE=0.579+1.83 ·  10-3 ·  (volume/w) 1.95 16.8 0.53
General Condition d-PCE=1.011+6.43 ·  10-3 ·  (volume/w) 1.5 14.3 0.46
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current research on PCE estimation does not support 
the HCM view and the constant PCE recommended 
in HCM overestimated the PCE for Iran’s signalized 
intersections. The foregoing discussion implies that 
since PCE depends on factors influencing the traffic 
flow parameters, setting it at a constant value under 
different roadway and traffic conditions does not have 
to be correct. 
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